K n -Mo/SBA-15 catalysts prepared via incipient-wetness impregnation by using K 2 CO 3 and (NH 4 ) 6 Mo 7 O 24 4H 2 O as precursors were tested for synthesizing CH 3 SH with mixture gases (CO/H 2 S/H 2 ) and the parameters of pretreatment and reaction conditions were investigated in detail. After pretreatment under the optimal conditions (reduction temperature of 400 o C, vulcanization temperature of 280 o C and vulcanization time of 6h), K n -Mo/SBA-15 catalysts exhibit a highest performances for CH 3 SH synthesis at reaction conditions of CO/H 2 S/H 2 =1/1/2, 0.2 MPa, 1000 h -1 and 300 o C. It was found that the optimal K/Mo molar ratio of K n -Mo/SBA-15 is 2.0. On the basis of H 2 -TPR and XRD characterization results, it can be concluded that the addition of K would lead to the transformation of Mo 6+ from octahedral Mo (O h ) into tetrahedron Mo (T d ). The promoting effect of K was achieved by interaction between K and Mo species to form the single molybdenum K 2 MoO 4 , which is beneficial to the formation of CH 3 SH.
Introduction
Methanethiol (or methyl mercaptan, CH 3 SH) is an important intermediate of large industrial relevance and has been widely used in the synthesis of valuable organosulfur compounds, such as pesticides, pharmaceuticals as well as solvents [1, 2] . Among them, the main application of CH 3 SH is in the production of methionine, which is used as a feed supplement. As the world's second largest feed producer, methionine is in great demand in China. There about 70,000 tons of methyl mercaptan were imported for the production of methionine in 2010, which accounted for 96.6% of total supply [3] . Methanethiol is dominantly produced with the reaction of CH 3 OH and H 2 S (equation 1), which shows high activity and selectivity [4] . CH 3 OH + H 2 S CH 3 SH + H 2 O (1) However, there are some disadvantages including the high cost of CH 3 OH and serious environmental pollutions caused by dimethyl sulfide byproduct [5] [6] [7] . In order to reduce the production cost and eliminate environmental pollution, the explorative studies on one-step synthesis of methyl mercaptan with the carbon and sulfur species as raw materials have been conducted in recent years [8] [9] [10] , and the reaction can be depicted as follows:
CO + H 2 S +2H 2 CH 3 SH + H 2 O (2) Supported Mo-based catalysts have been extensively studied for the synthesis of mixed alcohols from syngas (CO+H 2 ) [11] . However, Mo-based catalysts exhibit high performance for the synthesis of methanethiol when the concentration of H 2 S in the syngas is more than 1.6% [12] . Silica is the main support used to prepare Mo-based catalysts for synthesizing methanethiol [13] . However, it has been scarcely known in the literature that the mesoporous molecular sieve SBA-15 can be used to prepare the Mo-based catalysts for the synthesis of methanethiol. SBA-15 has been widely used in many areas because of its uniform pore size, large surface area and high porosity. Herein, SBA-15 was explored as support for the preparation of Mo-based catalysts for one-step synthesis of methanethiol with mixture gases (CO/H 2 S/H 2 ) in this paper. The pretreatment conditions of Mo-based catalysts and reaction conditions were optimized. H 2 -TPR and XRD were used to characterize the Mo-based catalysts with different K/Mo molar ratios, and properties of catalysts were investigated.
Materials and Methods

The preparation of support and catalysts
The catalysts were prepared by the method of incipient wetness. SBA-15 was prepared according to literature methods [14] [15] . Briefly, the calculated amount of K 2 CO 3 and (NH 4 ) 6 Mo 7 O 24 4H 2 O were dissolved firstly in deionized water, and then a calculated amount of SBA-15 was soaked in the impregnation liquid for 12h. After impregnation, the samples were dried at 120 o C and subsequently calcined in air at 400 o C The (K 2 O) X -MoO 3 /SBA-15 were designated as K n -Mo/SBA-15 (n represents the molar ratio of K/Mo).
Catalytic activity measurements
The catalytic reaction for methanethiol synthesis was carried out in a quartz tube reactor with 1.0 ml of catalyst per pass. The fresh catalysts were pretreated with hydrogen at 400 o C for 3h followed by vulcanization with mixture gases (CO/H 2 S/H 2 ) at 280 o C for 6h. The reactants and products were analyzed by using on-line gas chromatographs equipped with thermal conductivity detector (TCD), flame ionization detector (FID) and flame photometric detector (FPD). H 2 , CO and CO 2 were analyzed by an on-line GC fitted with a TCD. The hydrocarbons were analyzed by an on-line GC equipped with a FID. The sulfur-containing compounds were analyzed by an on-line GC fitted with a FPD. All the activity and selectivity data were taken when the steady state was achieved.
Characterization
X-ray diffraction (XRD) patterns were performed on a Rigaku D/max-1200 diffractometer using Cu Kα radiation (λ = 1.5406Å), operating at 40 kV and 30 mA and scanning with a step width of 0.02 o at 2θ range between 10 and 80 o .
Hydrogen temperature programmed reduction (H 2 -TPR) was carried out on an in-house constructed system equipped with a thermal conductivity detector (TCD) to measure H 2 consumption. Prior to H 2 -TPR analysis, 0.1g of catalyst with particle size of 40-60 mesh was pretreated with 5 vol% O 2 /Ar mixture gas at 400 o C for 60 min, then the temperature was cooled to 100 o C in the flow of ultra-pure argon gas. After that, the sample was heated in the flow of 10 vol % H 2 /Ar mixture gas from 100 to 900 °C at a ramp rate of 10 °C/min. The effect of reduction temperature on CO conversion, synthesis of CH 3 SH and by-products is presented in Fig.1 . It can be seen that CO conversion decreases with increasing the reduction temperature. The selectivity of CH 3 SH increases with reduction temperature, and the maximum selectivity of CH 3 SH is achieved at reduction temperature of 400 o C. CO 2 together with a little amount of CH 4 and COS are the by-products of the reaction. It also noted that high-temperature reduction is in favor of CO 2 formation, but is not conductive to CO conversion and CH 3 SH synthesis. Therefore, in light of CO conversion and CH 3 SH selectivity, the optimum reduction temperature is controlled at 400 o C. In general, the reduced catalysts should be vulcanized before catalytic measurement, and the influence of vulcanization temperature on the activity and selectivity is shown in Fig. 2 . It is clear that low-temperature vulcanization is beneficial to CO conversion, but the maximum selectivity of CH 3 SH is reached at vulcanization temperature of 280 o C. When vulcanization temperature is above 280 o C, both CO conversion and CH 3 SH selectivity decrease with further increasing vulcanization temperature. Therefore, the vulcanization temperature of the reaction for CH 3 SH produce is maintained at 280 o C.
Results and Discussion
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Influence of vulcanization time
The influence of vulcanization time on CO conversion, synthesis of CH 3 SH and by-products over K 2 -Mo/SBA-15 is displayed in Fig. 3 . As shown in Fig. 3A , a distinct decrease is detected for CO conversion with vulcanization time increasing from 2 to 6h, but the selectivity of CH 3 SH sharply increases with vulcanization time. When vulcanization time is more than 6h, no obvious change is observed for both CO conversion and CH 3 SH selectivity. This is likely because that the catalyst was reached a relatively stable state when the vulcanization time is over 6h. Thus, the optimal vulcanization time for the catalyst is 6h. The influence of reaction temperature on CO conversion, synthesis of CH 3 SH and by-products was measured and the corresponding experiment results are summarized in table 1. As can be seen by comparing Table 1 , both CO conversion and CH 4 selectivity increases with reaction temperature increasing from 275 to 375 o C, while a decrease is observed for both CH 3 SH and COS selectivity at temperature of 300-375 o C. When the reaction temperature is higher than 350 o C, a slight increase in CO conversion accompanied with sharp decrease in CH 3 SH selectivity is detected. According to these results, it can be concluded that the optimum reaction temperature of K 2 -Mo/SBA-15 is range of 300~325 o C. It can be seen from Fig. 4 that reaction pressure has an influence on the product distribution. The higher pressure is beneficial to CO conversion, but not to the formation of CH 3 SH. The maximum selectivity of CH 3 SH is achieved at reaction pressure of 0.2 MPa. In addition, an obvious increase is detected for CH 4 selectivity with reaction pressure. This is likely that some CO 2 and CH 3 SH have been converted into CH 4 under high reaction pressure, as shown in Fig. 4B . Generally, the reducing space velocity for catalytic reaction will increase the contact time between reactants and catalyst, thus increasing the conversion of reactants (CO). The influence of GHSV on CO conversion and products selectivity are shown in Fig. 5 . It is clear that the long contact time is conducive to the generation of CH 3 SH and CH 4 , but not to the formation of CO 2 and COS. Therefore, the GHSV of the reaction for synthesizing CH 3 SH will be retained at 1000h -1 .
Influence of reaction pressure
Influence of space velocity
The influence of K/Mo molar ratio over K n -Mo/SBA-15 catalysts
The effect of K/Mo molar ratio on catalytic behaviors of K n -Mo/SBA-15 catalysts is shown in Fig. 6 . No CH 3 SH was measured over K 0 -Mo/SBA-15 catalyst, thus indicating that K is one of indispensable ingredients for CH 3 SH formation. The selectivity of CH 3 SH increases with K/Mo molar ratio increasing from 0.5 to 2.0. However, a decrease in CH 3 SH selectivity is detected for K n -Mo/SBA-15 with further increasing the molar ratio of to 3.0, which might be closely associated with the facts that excess K addition will cover some active sites of catalysts. On the basis of these results, it can be deduced that K has an excellent promoting effect on CH 3 SH synthesis and the optimal molar ratio of K/Mo is about 2.0. 
H 2 -TPR characterization
Temperature-programmed reduction (TPR) is a powerful tool to study the reduction behavior of some oxidization phases. In some cases, it is also possible from the reduction profiles of supported oxides to obtain useful information about the degree of interaction of the supported phase with the support [16] . The influence of the molar ratio of n(K/Mo) on the reduction behavior is shown in Fig. 7 . Two reduction peaks (at 580 and 800 o C) are detected in the TPR profile of K 0 -Mo/SBA-15, which might be attributed to the reduction of octahedral Mo(Oh) and tetrahedron Mo(Td) species [17] , respectively. As can be seen by comparing Fig.7 , low-temperature and high-temperature reduction peak shift to lower and higher temperature with K/Mo molar ratio increasing from 0 to 1. A perfect example can be found that low-temperature reduction peak of K 1 -Mo/SBA-15 decreases by more than 60 o C with respect to K 0 -Mo/SBA-15 (curves 1 and 3) . The phenomenon can be explained as follows: this decrease in reduction temperature indicates the promotion of the reduction of K 1 -Mo/SBA-15 catalyst, mainly because of the weak interaction bteween Mo species and SBA-15 support caused by the formation of potassium-containing multimolybdenum species detected in XRD analysis( Fig.8-2 ) by the addition of K. On the other hand, the addition of K would be benefit to form the smaller size of Mo species on the support of SBA-15, which Mo/SBA-15 and K 1 -Mo/SBA-15 catalyst has crystalline size of 29nm and 18nm, respectivity, calculated by Scherrer equation. This smaller size on the surface ofK 1 -Mo/SBA-15 catalyst probably originates from the rupture of partial Mo-O bond by the addition of K forming potassium-containing multi-molybdenum species, thus leading to the separation of a minor fraction of MoO 3 species. Compared with K 0 -Mo/SBA-15, the area of low-temperature reduction peak for K 0.5 -Mo/SBA-15 increases when K was added into the Mo/SBA-15 catalyst (curve 2), which might be attributed to the fact that the addition of K is benefit to the translation of octahedral Mo (O h ) into tetrahedron Mo(T d ). However, the area of low-temperature reduction peak decreases somewhat with further increasing K/Mo molar ratio. The XRD patterns of SBA-15, MoO 3 and K n -Mo/SBA-15 catalysts are presented in Fig. 8 . As shown in Fig. 8A , a broad diffraction peak between 15 o and 35 o is detected for SBA-15 and K n -Mo/SBA-15, which has been attributed to the diffraction of amorphous silica. Compared with MoO 3 (Fig. 8A) , the diffraction peaks of Mo/SBA-15 are relatively weak, which might be closely associated with the facts that MoO 3 was highly dispersed on the support of SBA-15 and the larger particles of MoO 3 are not formed (curve 1). Any peaks assigned to characteristic diffractions of MoO 3 are not observed for K 0.5 -Mo/SBA-15 and K 1.0 -Mo/SBA-15. This is likely because that some small particles multi-molybdenum species were formed due to the interaction between K and Mo species, which is in well agreement with H 2 -TPR characterization that low-temperature reduction peak shifts to lower temperature. A single molybdenum K 2 MoO 4 species was formed on the surface of SBA-15 when K/Mo molar ratio increased from 1.0 to 2.0 (curve 4). Further increasing K/Mo molar ratio, the intensities of diffraction peaks increase (curve 5), thus indicating that larger size of K 2 MoO 4 particles was formed on the surface of SBA-15. The results are consistent with the research XRD characterization of potassium modified MoO 3 /SiO 2 catalyst [18] . .
XRD characterization
Conclusion
The parameters of pretreatment and reaction conditions for CH 3 SH synthesis with mixture gases (CO/H 2 S/H 2 ) over K n -Mo/SBA-15 catalysts were investigated in detail. The optimal pretreatment conditions are listed as follows: reduction temperature is 400 o C, and vulcanization temperature and time are 280 o C and 6 h, respectively. The pretreated K n -Mo/SBA-15 catalysts exhibit a highest performances for CH 3 SH synthesis at reaction conditions of CO/H 2 S/H 2 =1/1/2, 0.2 MPa, 1000 h -1 and 300 o C. It was found that the addition of K is indispensable for synthesizing CH 3 SH, and the optimal K/Mo molar ratio is 2.0. On the basis of H 2 -TPR and XRD characterization results, it can be concluded that the addition of K would lead to the transformation of Mo 6+ from octahedral Mo (O h ) into tetrahedron Mo (T d ). The promoting effect of K was achieved by interaction between K and Mo species to form the single molybdenum K 2 MoO 4 , which is beneficial to the formation of CH 3 SH.
